Introduction
Arrhythmias are a major cause of sudden cardiac death. Three-dimensional mapping indicates that most of ventricular tachycardia are initiated by the focal mechanism. This often connected to special excitations of cardiac cells (abnormal ventricular automaticity or triggered activity). The triggered activity includes early afterdepolarizations (EADs) occurring in the plateau phase of the action potential (AP) and delayed afterdepolarizations (DADs) occurring after complete repolarization.
DADs, the focus in the present study, are generally thought to be initiated by spontaneous calcium release from the sarcoplasmic reticulum (SR) and a calciumactivated transient, depolarizing inward current as a result of SR calcium overload. Previous electrophysiological studies in isolated ventricular myocytes suggested that spontaneous calcium release from the SR can evoke triggered arrhythmias. Although DADs are generally accepted to be calcium-dependent, the relationship between SR calcium release and DAD amplitude has not been measured, partly because the underlying calcium transients are hard to control. In addition, DADs occurring at the cellular level cannot be extrapolated directly to focal arrhythmias occurring at the tissue level, because the questions as to how the source of excitation from these cellular DADs overcomes the sink of the surrounding neighbored cells to be depolarized to produce focal arrhythmias in the heart remains incompletely understood.
In the present study, we used beta-adrenergic signaling-induced SR calcium overload to simulate DADs with different SR calcium concentration ([Ca 2+ ]SR) in a much more controlled manner and measured the resulting depolarization. These DADs can be initiated at various SR calcium loads, allowing us to measure the [Ca 2+ ]SR dependence of DADs and triggered APs over a broad range of [Ca 2+ ]SR. To investigate how DADs are synchronized to overcome the source-sink mismatch and produce focal arrhythmia in the tissue level, we constructed a mathematical model to determine whether spontaneous calcium release produces spatiotemporal synchronization of DADs and to examine cell-cell uncoupling on the induction of focal arrhythmia.
The goals of the present study are measure, (1) the quantitative relationship between the amount of SR calcium release and the amplitude of DADs, (2) the amount of SR calcium release required to reach threshold for an AP, (3) the specific contributions of SR calcium release and cell-cell uncoupling that cause focal arrhythmias, and (4) the effect of source-sink interactions on the induction of focal arrhythmia. The results provide the quantitative data on the basis of DADs and focal arrhythmia in human ventricles.
2.
Method and material
Action potential model
A one-dimensional (1D) human ventricular model was developed based on the ten Tusscher and Panfilov (TP06) ventricular cell model. Some parameters were modified to simulate SR calcium overload.
Since according to ten Tusscher et al., IY, base is basal flow without calcium/calmodulin-dependent protein kinase II (CaMKII) activation, then:
where Ii is the current of the ion channel i, Gi is the maximal conductance of i channel, mi and ni are gates of the i channel, V is the cellular membrane potential and Vrev,i is the reversal potential for i channel. Since according to O'Hara et al., fCaMKII is the CaMKII factor, then:
where 
that takes into account both CaMKII effects on the corres ponding ion flows.
1D tissue model
To investigate requirements for DADs at the cellular level to trigger a PVC in tissue, we employ a model of 1D epicardial strand of 15 mm (100 myocytes with length of 0.15 mm). In the model, the center subdomain including a variable number of contiguous cells tuned to exhibit DADs and the surrounding regions representing normal tissue. The maximum contents of [Ca 2+ ]SR associated with these DADs were measured to evaluate the inducibility of AP. The threshold for DADs to trigger an AP was computed as the amplitude of DADs required to active the sodium channel. The minimum number of susceptible cells (subthreshold or suprathreshold DADs) required to develop a PVC in the cable was calculated. Effects of gap junction on the minimum number required to initiate a PVC were performed to evaluate the sink-source relationship of cardiac tissue. Change of gap junction was implemented by decreasing diffusion coefficient from 100% (#1) to 80% (#2), 60% (#3), 40% (#4) and 20% (#5).
We simulated electrical activation and propagation in a 1D virtual tissue, governed by the following reactiondiffusion equation:
where V(mV) is the transmembrane potential, Cm(pF) is the membrane capacitance, Iion (pA) is the sum of ionic currents(see Formula (1)) and t(ms) is time, and D is the electronic diffusion modelling gap junction coupling. More detailed parameters and equations were documented in the TP06 model.
Numerical methods
For computational purposes, the tissue was discretized in 100 -step of 2 used. We solved Eq (4) and the TP06 equations using an explicit Euler method, with both a lookup table of the voltage dependent parameters in the TP06 model and the operator splitting technique. "No-flux" boundary conditions were applied. Simulations were carried out on a 64 G memory with Intel core i703930K 64-bit CPU system. Efficient parallelization was implemented using GPU acceleration.
Results

Dependence of depolarization on SR calcium release
SR calcium load available for release was varied by changing pacing frequency. Figure 1 shows the last steady-state AP at frequencies of 1 to 3 Hz. As expected, there is a progressive increase in twitch [Ca 2+ ]SR with increasing frequency. After the last stimulated AP, DADs were induced at 2Hz and 3Hz. With increasing frequency, the content of [Ca 2+ ]SR increased, consistent with the expected increase in SR calcium load. For 1-Hz stimulation, a normal AP was observed ( Figure 1A ). The subthreshold DAD was induced as [Ca 2+ ]SR rose at 2Hz ( Figure 1B) . At 4 Hz, depolarization was sufficient to trigger a regenerative AP ( Figure 1C ). 
3.2.
Requirements for DADs to trigger PVCs in a 1D homogeneous tissue To investigate how local epicardium with DADs overcomes electronic source-sink mismatches to trigger PVCs, we constructed a 1D epicardial tissue model in which the central region contained cells susceptible to DADs. The outer surrounding regions contained normal cells. The number of susceptible myocytes in the central region was then progressively increased until DADs triggered APs that propagated successfully into the surrounding normal tissue. For the subthreshold DADs, although cells in the cable were susceptible to subthreshold DADs, the DAD failed to trigger a PVC (Figure 2A ). Same as for subthreshold DADs, enough suprathreshold DAD cells successfully overcome the sink-source mismatch to produce an excitation wave ( Figure 2B ). ]SR-dependent. Augmented SR calcium load increased spontaneous SR calcium release, promoting membrane depolarization toward the threshold to trigger an AP, the precursor of PVC (Figure 3) . The minimum of peak [Ca 2+ ]SR contributed to the threshold DAD amplitude (20.7 mV, from -86.2 mV to -65.5 mV) required to depolarize the cell to trigger an AP was 4.45 mM ( Figure 3A) . For the suprathreshold DAD case, the length required to trigger a propagating excitation wave was 11.4 mm, corresponding to 76 myocytes. However, if the total SR calcium was increased to augment the DAD amplitude further above the AP threshold, the required number of cells decreased significantly.
Effects of SR
To investigate the effect of gap junction uncoupling on the development of PVCs, we performed analogous simulations by using 100%, 80%, 60%, 40% and 20% of the diffusion coefficient, which reduced conduction velocity (CV) from 74.2 cm/s to 65.8 cm/s, 56.3 cm/s, 45 cm/s and 30.1 cm/s, respectively. When peak SR calcium was 5 mM, the size of the central region was significantly reduced. In detail, the cell number of the susceptible region required to trigger a PVC reduced from 36 to 34, 30, 26 and 18 ( Figure 3B ). This effect can be attributable to decreased excitability and conduction which led to less 'sink' of tissue, corresponding to less 'source' required to trigger a PVC and smaller region of susceptible cells compared to the normal condition.
Discussions and conclusion
In the present study, we characterized quantitatively the relationship between [Ca 2+ ]SR and membrane depolarization in a setting that mimics DADs, and important precursor of triggered arrhythmias. We confirmed that spatiotemporal synchronization of spontaneous calcium release produced focal activity in tissue level. Source-sink interactions were found to be critically important in the generation of calcium-mediated focal arrhythmias.
